PURPOSE. The mouse has become an important wound healing model with which to study corneal fibrosis, a frequent complication of refractive surgery. The aim of the current study was to quantify changes in stromal ultrastructure and light scatter that characterize fibrosis in mouse corneal debridement wounds.
METHODS. Epithelial debridement wounds, with and without removal of basement membrane, were produced in C57BL/6 mice. Corneal opacity was measured using optical coherence tomography, and collagen diameter and matrix order were quantified by x-ray scattering. Electron microscopy was used to visualize proteoglycans. Quantitative PCR (Q-PCR) measured mRNA transcript levels for several quiescent and fibrotic markers.
RESULTS. Epithelial debridement without basement membrane disruption produced a significant increase in matrix disorder at 8 weeks, but minimal corneal opacity. In contrast, basement membrane penetration led to increases in light scatter, matrix disorder, and collagen diameter, accompanied by the appearance of abnormally large proteoglycans in the subepithelial stroma. This group also demonstrated upregulation of several quiescent and fibrotic markers 2 to 4 weeks after wounding.
CONCLUSIONS. Fibrotic corneal wound healing in mice involves extensive changes to collagen and proteoglycan ultrastructure, consistent with deposition of opaque scar tissue. Epithelial basement membrane penetration is a deciding factor determining the degree of ultrastructural changes and resulting opacity. (Invest Ophthalmol Vis Sci. 2012;53:2786-2795) DOI: 10.1167/iovs. I njury repair in adult mammals is typified by the activation of a fibrotic response, in which rapidity of healing is often gained at the expense of restoration of tissue function. In the cornea, fibrotic repair poses specific problems in the form of tissue opacity arising from the disorganized nature of the extracellular matrix (ECM) initially deposited, as well as corneal distortion brought about by wound contraction as the fibrotic tissue subsequently remodels. 1, 2 Understanding the fibrotic corneal wound healing response is of significant interest, as fibrosis remains a frequent complication of some types of refractive surgery. 3 The cornea lends itself particularly well to wound healing studies on account of its highly organized connective tissue architecture and cellular homogeneity. Approximately 90% of the corneal thickness is accounted for by a stroma of multiple, superimposed lamellae. Each lamella is composed of parallel collagen fibrils of remarkably uniform diameter and regular lateral separation. Corneal transparency depends upon the maintenance of diameter and short-range order within this fibrillar array, 4 parameters that, in turn, are governed by the interaction of collagen with two groups of intervening small leucine-rich proteoglycans (SLRPs)-one containing chondroitin-dermatan sulfate (CS-DS) glycosaminoglycans and the other containing keratan sulfate (KS) glycosaminoglycans. 5 Increased collagen fibril size and level of spatial disorder can be major causative factors behind the opacity of fibrotic corneal repair tissue. 6, 7 The cornea is bounded on the anterior side by a stratified squamous epithelium, which is separated from the underlying stroma by a basement membrane, the latter of submicron thickness in mice. 8 Research has indicated that the integrity of the epithelial basement membrane influences the regenerative nature of the corneal wound healing response. In brief, injuries involving basement membrane penetration or disruption tend to elicit greater cell transformation from fibroblast to myofibroblast phenotype in the subjacent stroma, and subsequently a stronger fibrotic repair response, than those involving epithelial disruption or debridement alone. [9] [10] [11] Much of our current understanding of corneal wounding healing has come from the study of experimental animal models. In recent years the availability of mutant and genetic knockout mice has provided researchers with the opportunity to selectively investigate the role that specific molecules play in corneal injury repair, and this has led to a burgeoning of interest in the mouse as a model for corneal wound healing. [12] [13] [14] [15] [16] Much of the focus of previous studies of murine wound healing has been on the acute phase of healing. We understand little as to the long-term consequences of wounding in terms of disruption of the stromal ECM and how this affects light scatter. In order to address this, the authors have carried out an ultrastructural study of stromal changes that accompany the development of corneal opacity in mouse corneal debridement wounds, using a combination of x-ray scattering, optical coherence tomography, and transmission electron microscopy.
METHODS

Animals and Tissue Harvesting
All animal procedures were performed in accordance with the ARVO statement on the Use of Animals in Ophthalmic and Vision Research, under protocols approved by the University of Pittsburgh IACUC. Epithelial debridement wounds were produced as previously described. 12 In brief, mice were anesthetized by intraperitoneal injection of a mixture of ketamine (20 mg/kg) and xylazine (20 mg/kg). A drop of tetracaine hydrochloride 0.5% was applied to the cornea. The center of one cornea was marked by a 2-mm-diameter skin biopsy punch. Corneal epithelial debridement (EPI group) was produced using an Algerbrush II (The Alger Company, Lago Vista, TX).
For basement membrane (BM) removal, a second passage of the Algerbrush over the surface was made, applying increased pressure to remove the epithelial BM and a small amount of anterior stromal tissue (EPI/B group). Removal of the BM was confirmed using a biomicroscope, under which the BM appears reflective and stromal debridements yield a rough aspect. The effectiveness of this technique for full removal of the BM was confirmed using histology with staining of laminin ( Fig. 1 ). After wounding, each eye was treated with a single drop of Ophthalmic Gentamicin solution. Contralateral (left) corneas of the EPI/B group were unwounded and served as untreated controls (CTRL group).
Optical Coherence Tomography
After 8 weeks, optical coherence tomography (OCT) was performed to quantify corneal light scatter. Images were captured using a Bioptigen SD-OCT (Bioptigen, Research Triangle Park, NC) with axial resolution of 4 lm and A-scan acquisition rate of 20 kHz 3.5 · 3.5 mm 250 · 250 A-scans. Image processing and analysis was conducted with MetaMorph 7.7.3 (Molecular Devices, Inc., Sunnyvale, CA). The images were processed to isolate the entire cornea, and the epithelium was then removed by running a morphological dilation on just the epithelial side of the cornea. Normal corneas were used to set the threshold cutoff on the remaining stromal area, and that threshold was applied to all image stacks. The remaining scar volume was calculated using the MetaMorph 4D viewer and exported into Excel (Microsoft Corp., Redmond, WA) for quantification. Following OCT, animals were immediately sacrificed and the corneas harvested, wrapped in Saran Wrap (SC Johnson, Racine, WI), and stored frozen at -808C for ultrastructural analysis.
X-ray Scattering
Small-angle x-ray scattering 17 (SAXS) was carried out on Beamline I22 at the Diamond Light Source (Didcot, UK), using an x-ray beam with wavelength 0.1 nm and cross section measuring 0.25 mm (horizontal) · 0.25 mm (vertical) at the specimen. Prior to x-ray exposure, each specimen (in Saran Wrap) was thawed and carefully examined under a light microscope, and any displaying evidence of major tissue wrinkles or folds that might significantly affect the SAXS results were excluded. The resulting numbers of specimens for SAXS were CTRL group n ¼ 4, EPI group n ¼ 4, and EPI/B group n ¼ 6. For data collection, individual wrapped corneas were placed, superior side uppermost, into sealed Perspex (Lucite Group Ltd, Southampton, UK) chambers with Mylar (DuPont-Teijin, Middlesbrough, UK) windows. This group's previous SAXS work has shown that the hydration of mouse corneas examined in this way does not significantly change, even after several minutes of x-ray exposure. 18, 19 Specimen alignment was achieved by an initial exposure of x-ray-sensitive film placed in the specimen holder to locate the incident beam position. SAXS patterns, each resulting from an x-ray exposure of 5 seconds, were collected at 0.25-mm (horizontal) · 0.25-mm (vertical) intervals covering the whole of each cornea, and were recorded electronically on an x-ray detector placed 6 m behind the specimen position.
Corneal SAXS patterns contain quantitative information about the average separation and diameter of collagen fibrils within the volume of stroma traversed by the x-ray beam. 17 The radial scatter distribution of the pattern is the product of scattering from an individual fibril F(K), termed the fibril transform, and scatter arising from the relative fibril positions G(K), termed the interference function, plus an additional background of noncollagen scatter, B(K) 17 :
where K is the scattering vector, whose magnitude is defined in terms of the x-ray wavelength, k, and scattering angle 2h:
Approximating collagen fibrils as infinitely long cylinders, the fibril transform is related to the fibril radius, r f , by:
where J 1 is a first-order Bessel function. 20 For each SAXS pattern ( Fig. 2A) , a radial scatter profile (Fig. 2B ) was extracted using a combination of Fit2d (ESRF, Grenoble, France) and Excel (Microsoft, Reading, UK) software. A power-law background function, representing B(K), was then fitted (Fig. 2B ) and subtracted using in-house software based on Python 2.6 (Python Software Foundation, Wolfeboro Falls, NH). The same program was then used to fit a fibril transform function (Fig. 2C) , of the form of equation 3. The average collagen fibril diameter, 2r f , was then calculated from the first subsidiary maximum position of F(Kr f ) (Fig. 2C, solid arrow) , which occurs at Kr f ¼ 5.14. 17 In this region (and at higher K), the contribution of G(K) is negligible 21 and could therefore be ignored. Calibration was achieved using the 67-nm axial period reflection from a SAXS pattern of hydrated rat tail tendon. The fibril transform was then divided out to leave the interference function peak, G(K), whose shape may be analyzed to give a relative measure of the level of spatial order within the collagen fibril array. 22 Matrix disorder was expressed as the ratio of the peak's full width at half maximum (FWHM) to its maximum value (M), as shown in Figure 2C .
Electron Microscopy
Following x-ray scattering, proteoglycan ultrastructure was examined using transmission electron microscopy. Tissue blocks were dissected from the central cornea and incubated overnight at 48C in 2.5% glutaraldehyde fixative containing 0.05% cuprolinic blue. 23 Contrast enhancement of stained proteoglycan-dye complexes was achieved by washes, first in aqueous (3 · 10 min) and then in 1:1 aqueous/ ethanolic (15 min) solutions containing 0.5% sodium tungstate. Specimens were then dehydrated in an ascending series of ethanol concentrations and subjected to 30-minute propylene oxide and 60-minute 1:1 propylene oxide/Araldite resin incubations prior to resin embedding. Ultrathin sections (~100 nm thick) were prepared, collected on square-mesh copper grids (3.05 mm), and stained with phosphotungstic acid (30 s) and uranyl acetate (12 min) at room temperature, before examination in a Jeol 1010 transmission electron microscope (Jeol, Welwyn Garden City, UK).
Quantitative PCR
At 2 and 4 weeks, three animals from each group were sacrificed and corneas were removed for quantitative PCR (Q-PCR). The tissue was peaks were used to determine the relative amount of collagen matrix disorder and the average collagen fibril diameter, respectively. The sharp thirdorder peak from the collagen 65-nm axial period 17 is also visible superimposed on the FT peak in (B) and (C) and may be ignored in the data analysis. stored in RNAlater (Invitrogen, Austin, TX); the epithelium was removed, and three stromas with endothelium were pooled and extracted in RLT buffer (Qiagen, Valencia, CA) followed by isolation of total RNA using the RNeasy mini kit (Qiagen), treated with DNase I (Invitrogen), and concentrated by alcohol precipitation. Complementary DNA was transcribed from the RNA using SuperScript II reverse transcriptase (Invitrogen) in accordance with recommendations of the manufacturer. Q-PCR of cDNA was performed using SYBR Green reagent (Applied Biosystems, Carlsbad, CA) as previously described. 24 Primer sequences were obtained from qPrimerDepot (http:// mouseprimerdepot.nci.nih.gov/) with the sequences shown in Supplementary Table S1 (see http://www.iovs.org/lookup/suppl/doi:10. 1167/iovs.11-9305/-/DCSupplemental). Amplification of 18S rRNA was performed for each cDNA (in triplicate) for normalization of RNA content. Relative mRNA abundance was calculated as the Ct for amplification of a gene-specific cDNA minus the average Ct for 18S expressed as a power of 2 (2-DDCt). Three individual gene-specific values thus calculated were averaged to obtain mean 6 SD.
RESULTS
Corneal Wounding
Mouse corneal epithelial wounds heal within 2 to 3 days, rapidly reestablishing barrier function and corneal hydration. 25 Epithelial debridement leaving the BM intact reportedly leaves the cornea transparent, whereas disruption of the epithelial BM, particularly one that generates a rough surface on the stroma, heals with anterior stromal haze. 26 The status of the ECM after healing of these two wound types has not been evaluated. The present authors compared the two wound types using a manual procedure for epithelial removal that left the BM intact, as well as a deeper debridement procedure that removed epithelium, BM, and a small portion of anterior stroma. Laminin staining of the tissue 48 hours after wounding showed the BM intact after epithelial debridement (Fig. 1B) , whereas the BM was completely removed after the deeper debridement (Fig. 1C) . Two months after BM removal, the epithelial layer was re-established and BM re-formed, and the stroma appeared similar to that of nonwounded corneas (Fig.  1D) .
Optical Coherence Tomography
OCT has become a sensitive and powerful method for assessing corneal stromal haze, 27 including in corneas from mice. 28 When mouse eyes were scanned after healing, the cornea and sclera produced no reflected signal, but corneal scarring was readily visualized as haze (see Supplementary Video S1, http://www.iovs.org/lookup/suppl/doi:10.1167/ iovs.11-9305/-/DCSupplemental). OCT images of stromas from four eyes of each experimental group are shown in Figure 3 . Intensity of red coloration scales proportionately with stromal opacity (light scatter). Opacity was quantified by integrating the scatter intensity values for the isolated stroma of each cornea (Fig. 4) . Light scatter was found to be significantly elevated in the EPI/B (351% of control) group compared to uninjured controls, whereas in the EPI group it was not significantly different from control levels (Fig. 4 and Table 1 ).
However, four of the eight samples in the EPI group exhibited light scatter values greater than the >95% confidence interval of the control population. This strongly suggests that some corneas wounded by epithelial debridement increased light scatter even if the group as a whole did not differ significantly from the control.
X-ray Scattering
Contour maps of relative matrix disorder across four specimens from each experimental group, as determined by SAXS, are shown in Figure 5 . Consistently low levels of matrix disorder were measured across all CTRL corneas, with notable increases being mainly limited to regions of the outer peripheral cornea and limbus (Fig. 5) . This is consistent with the normal pattern of collagen fibril polydispersity across the cornea, where increasing numbers of larger, more widely spaced fibrils are found with increasing proximity to the sclera. 19, [29] [30] [31] It should be noted that in these outer corneal regions, small discrepancies in measurement position between specimens (maximum estimated interspecimen error: 60.25 mm) will translate into large differences in measured disorder. For this reason the outermost data were excluded from subsequent averaging calculations.
All wounded groups showed increased matrix disorder compared to controls, with the more severely disordered regions being most consistently observed in the EPI/B group (Fig. 5) . To further quantify the results, matrix disorder was averaged for individual specimens. Calculation of average disorder was limited to the central 1.5 mm · 1.5 mm (36 values per cornea). This ensured that the majority of the wound area was included, even for noncentralized wounds (e.g. mouse 2R in Fig. 5 ) while the outermost data were still Significance was tested at *P < 0.05 and **P < 0.01. excluded on the basis of the aforementioned criteria. Average matrix disorder per cornea is shown in Figure 6 . Matrix disorder was found to be significantly (P < 0.01) elevated in the EPI (49%) and EPI/B (58%) groups compared to uninjured controls ( Fig. 6 and Table 2 ). Figure 7 presents SAXS fibril diameter measurements along vertical and horizontal scans for four individual specimens from each experimental group. Similar to what is seen in other species, [29] [30] [31] the unwounded mouse cornea is typified by a ''Ushaped'' fibril diameter distribution, in which diameter is lowest at the corneal center and increases rapidly near the limbus (Fig. 7, CTRL) . Mouse 3L featured consistently larger (þ2 nm) fibrils than the rest of the CTRL specimens, although the general shape of its diameter distribution was consistent with the remainder of the group. In general, debridement of the epithelium without basement membrane disruption had minimal effect on fibril diameter distribution. The exception was mouse 12L, which displayed a localized increase in fibril diameter near the corneal center (Fig. 7, EPI) . In contrast, debridement wounds in which the basement membrane was disrupted resulted in more widespread changes to the fibril diameter distribution, in which the U-shaped pattern that characterizes the unwounded cornea was altered. Regions of locally elevated fibril diameter were evident across the central 1.5-mm region in all specimens examined from the EPI/B group (Fig. 7) . Mouse 4R displayed larger (þ2 nm) fibrils in general compared to the remainder of the group.
In order to further quantify the changes in fibril diameter due to wounding, the average fibril diameter was calculated for each specimen (Fig. 8) . Mouse 3L and mouse 4R were excluded on the basis of Peirce's criterion, and the averaging was limited to the central 1.5 mm · 1.5 mm (12 values per cornea) so as to exclude the peripheral data where any discrepancy in spatial position between specimens would have a large effect on measured diameter. Average fibril diameter was found to be significantly elevated (0.6-0.8 nm) in the EPI/B group compared to both other groups (P < 0.01), while no significant difference (P > 0.05) was found between the CTRL and EPI groups ( Fig. 8 and Table 3) . Figure 9 shows electron microscopy images from cuprolinic blue-stained ultrathin corneal sections from the three experimental groups. Proteoglycan-dye complexes were visible as thin, electron-dense filaments in all groups (Fig. 9 , arrowheads). Corneas in which the basement membrane was disrupted displayed additional longer, thicker filaments in the subepithelial stroma (Fig. 9C, arrows) . Figure 10 shows stromal gene expression as determined by Q-PCR. The results indicate significant upregulation of mRNA of the quiescent ECM proteins, decorin, 32 keratocan, 33 and lumican, 34 as well as proteins previously associated with wound healing and fibrosis: collagen III 35 and SPARC. 36 Expression was greater at 2 weeks than at 4 weeks after wounding for all these genes.
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DISCUSSION
This study quantified changes in stromal collagen ultrastructure and light scatter in the mouse cornea 8 weeks after epithelial debridement, both with and without disruption to the BM. An earlier study found stromal haze to be produced in mouse corneas when BM was disrupted, leaving an irregular surface. 26 The current data confirm these results, showing that the haze accompanies a long-lasting change in stromal ECM organization. A significant increase in corneal light scatter was observed only when BM was disrupted (Figs. 3, 4) , and this was accompanied by increased collagen fibril disorder (Figs. 5, 6 ) and diameter (Figs. 7, 8 )-changes that are consistent with the formation of opaque corneal scar tissue. 6, 7 Moreover, proteoglycan morphology in the same specimens showed BM disruption in the mouse to correlate with the appearance of abnormally large stromal proteoglycan-dye filaments (Fig. 9) . Similar large structures have been observed previously by the same method in rabbit 37, 38 and human 39 corneal scars, and may contribute to fibril disorder by altering stromal hydration within the scar region. 38 In contrast, epithelial debridement wounds in which the BM was left intact displayed no significant increase in light scatter overall (Figs. 3, 4) . However, interestingly, this group did display increased collagen fibril disorder compared to uninjured controls (Figs. 5, 6 ). Superficial epithelial debride- Individual disorder values within the central 1.5 · 1.5-mm region (n ¼ 36 per cornea) were pooled for each group. Significance was tested at *P < 0.05 and **P < 0.01 using n ¼ 144. ment has been shown to result in loss of keratocan and lumican expression for up to 12 weeks in mice. 25 Therefore it is possible that such a disruption in proteoglycan expression might lead to alteration in stromal hydration and associated collagen disorder without the formation of an opaque fibrotic scar. Such a model is consistent with our observation that the epithelial debridement-only wounds had less of the large ''scar-type'' collagen fibrils (Figs. 7, 8 ) and proteoglycans ( Fig.  9 ) in the stroma. Moreover, fibril spacing disorder compounded by the additional presence of larger-diameter scar-type fibrils, as observed in fibrosis, is predicted from modeling studies to result in significantly higher levels of light scatter compared to that resulting from hydration-driven disruption in fibril spacing alone. 40 Our ultrastructural findings align well with the established view of the BM as a ''fibrotic switch,'' whose disruption shifts the balance from a regenerative to a more repair (fibrotic) type of healing response, consistent with previous research on cell activation and fibrotic marker expression in rabbits, 9 rats, 10 and mice. 11 The mRNA expression of a number of stromal ECM components at 2 and 4 weeks after wounding had some unexpected results. At 2 weeks, mRNAs for normal stromal ECM proteins (decorin, lumican, keratocan) were markedly upregulated, and these levels decreased toward normal 4 weeks after wounding (Fig. 10) . Keratocan and lumican mRNAs have previously been reported as downregulated in healing wounds. Lumican expression has been reported to 
Individual diameter values within the central 1.5 · 1.5-mm region (n ¼ 12 per cornea) were pooled for each group. Significance was tested at *P < 0.05 and **P < 0.01, using n ¼ 36. Mouse 3L and mouse 4R were excluded on the basis of Peirce's criterion.
decrease but keratocan remained unaffected in chicks, 41 while downregulation of both keratocan and lumican has been demonstrated in rabbits 42 and mice. 25 It should be noted, however, that the earliest time point reported previously using mice was 6 weeks. 25 Taken together, these results suggest that the temporal aspects of keratan sulfate proteoglycan control during wound healing in mice may be more complex than previously thought.
The upregulation of mRNA for collagen III 35 and biglycan, 43 as well as for the matricellular protein SPARC, 36 followed a pattern similar to that of the proteoglycans-increased at 2 weeks and less so at 4 weeks (Fig. 10) . This upregulation is consistent with a fibrotic response and fits well with the presence of light scattering and collagen fibril disruption in the stroma. The elevation of biglycan may be related to the presence of large proteoglycans at 8 weeks (Fig. 9) , since this CS-DS proteoglycan is larger than decorin and is found only in pathological stroma. 44 The rapid and transient nature of the response of these fibrotic markers, compared to the longerterm stability of the scar (>8 weeks according to the light scatter and ultrastructural data), suggests that the provisional scar matrix is deposited rapidly after closure of the wound, in the first 2 to 4 weeks.
In summary, this study has demonstrated that mechanical debridement of mouse epithelium in which the BM is removed results in a long-term nonvascularized fibrotic stromal scar. The scarring process involves rapid upregulation in expression of a number of well-recognized fibrotic ECM genes. Stromal collagen organization is disrupted, as determined by x-ray scattering, and proteoglycans show marked changes typical of corneal scars, as observed using transmission electron microscopy. Stromal transparency was reduced and light scatter increased as measured in real time by in vivo OCT. These changes closely mimic experimental scarring models developed in other animals such as rabbits, as well as scars characterized in human corneas. Unlike the primate, the mouse does not possess an anterior limiting lamina, and this makes the epithelial relationship to underlying tissue fundamentally different between mice and humans. 45, 46 Herein lies a limitation of the mouse model. Nevertheless, the other advantages of using mice as models for human pathology, such as the ability to manipulate the mouse genome, make it a valuable model for the study of corneal scar formation and resolution. FIGURE 9 . Transmission electron microscopy with cuprolinic blue staining for the three experimental groups: (A) uninjured control, (B) epithelial debridement only, (C) epithelial debridement with basement membrane disruption. Proteoglycan-dye complexes are visible as thin, electron-dense filaments (arrowheads). Corneas in which the basement membrane was disrupted displayed additional longer, thicker filaments in the subepithelial stroma (C, arrow). e, epithelium; s, stroma. Scale bar: 200 lm. FIGURE 10. Gene expression of stromal proteins at 2 and 4 weeks after wounding in the EPI/B group, as measured by Q-PCR of mRNA: decorin (DCN), keratocan (KERA), lumican (LUM), biglycan (BGN), collagen III (COL3), and SPARC. Significance was tested at *P < 0.05 and **P < 0.01.
